Iron is an essential nutrient for almost all living microorganisms, including pathogenic bacteria. In an aerobic environment, iron is oxidized to its ferric state, which forms insoluble ferric oxides at physiological pH; thus, the concentration of free iron is approximately 10 Ϫ18 M (1). In mammalian hosts, iron is chelated by molecules such as transferrin, lactoferrin, heme, and ferritin, and the concentration of free iron in human serum is also extremely low, 10 Ϫ15 M or less (3) . Thus, regardless of the external environment, the levels of free iron are far below the nutritional requirements of any bacterium. To acquire this essential metal, many microorganisms secrete lowmolecular-weight iron chelators termed siderophores that solubilize iron its ferric form, which is then transported into the cell by membrane-bound receptors (20) . The Fe 2ϩ produced by intracellular reduction of the newly imported Fe 3ϩ is then available for its essential functions.
Mycobacterial iron assimilation relies upon synthesis of two structurally unrelated types of siderophores, i.e., secreted carboxymycobactins in slow-growing pathogenic members of this genus as well as nonpathogens and exochelins that are found only in fast-growing mycobacteria (44) . In addition, most mycobacteria possess mycobactins, which are highly lipophilic cell wall-associated molecules thought to facilitate the transport of iron across the cell wall and to store iron (35, 44) . Mycobacterium tuberculosis carboxymycobactin can remove iron from the host's transferrin and lactoferrin and transport it to mycobactins (10) . The structures of mycobactins and exochelins from several mycobacterial species have been elucidated (11, 16, (33) (34) (35) 45) ; however, until recently, only a single gene, M. smegmatis fxbA (9) , had been demonstrated to be involved in siderophore biosynthesis. fxbA encodes a putative formyltransferase necessary for exochelin biosynthesis. More recently, a group of closely linked genes also involved in M. smegmatis exochelin biosynthesis (46, 47) and a cluster of M. tuberculosis genes that encode the mycobactin biosynthetic enzymes (25) have been described. It has long been known that iron represses the production of mycobactins, exochelins, and ironregulated envelope proteins that could be involved in iron uptake (15, 36, 37) . However, at that time, the molecular basis of siderophore regulation in mycobacteria was unknown. Since these early reports, IdeR, a functional homolog of Corynebacterium diphtheriae DtxR (32), has been described (5) . DtxR is an iron-dependent repressor that controls siderophore biosynthesis and transcription of the tox gene, which encodes the C. diphtheriae diphtheria toxin. DtxR, when activated by Fe 2ϩ , binds to operator sequences known as iron boxes, repressing transcription of iron-regulated genes (31, 40) . More recently, IdeR has been shown to negatively regulate siderophore biosynthesis in M. smegmatis (6) .
To provide more insight into the role of IdeR in mycobacterial iron regulation, we initiated a study of its interaction with mycobacterial siderophore biosynthetic genes. When this project was started, fxbA was the only known iron-regulated mycobacterial gene, and its promoter region had been found to contain sequences that resembled a DtxR binding site (9) . We have now investigated the regulation of fxbA by IdeR in cellfree experiments and in whole-cell physiological studies. The work reported here demonstrates that IdeR binds to the fxbA promoter region in the presence of divalent metals and specifically protects a 28-bp region which encompasses a palindromic sequence of the fxbA promoter region that contains the postulated iron box. The transcription start point (TSP) of fxbA has been mapped by primer extension, and fxbA regulation has been studied in strains containing fxbA-lacZ transcriptional fusions. Inactivation of ideR in M. smegmatis results in constitutive expression of fxbA, independent of the iron levels. However, the levels of fxbA expression in the ideR mutant are 50% lower than those in the wild-type strain in nonrepressing (lowiron) conditions, indicating an undetermined positive role of IdeR in fxbA regulation.
MATERIALS AND METHODS
Media and growth conditions. Mycobacterial strains were grown on Middlebrook 7H10 solid medium (Difco) and in Middlebrook 7H9 liquid medium (Difco) at 37°C. Both media were routinely supplemented with 0.2% glycerol and 0.05% Tween 80. Mycobacteria were also grown on solid LB (Difco) medium and LB broth, both supplemented with 0.05% Tween 80. The antibiotics kanamycin and streptomycin, when required, were each added at a concentration of 20 g/ml. For growth under low-iron conditions, 7H9L (7H9 that had been treated with a Chelex resin [Chelex 100; Bio-Rad]) was used. The concentration of iron in this medium was determined by atomic absorption spectroscopy to be less than 1 M. For primer extension experiments and ␤-galactosidase assays with bacteria grown under low-iron conditions, mycobacteria were grown in 7H9L for approximately nine generations by periodically diluting cultures that were growing exponentially. LB broth cultures in the exponential phase of growth were starved for iron by adding the iron chelator 2,2Ј-dipyridyl (DP) to a final concentration of 200 M, and the cultures were grown overnight. These cultures were used to inoculate fresh LB broth containing DP prior to harvesting in the exponential growth phase. For primer extension and ␤-galactosidase assays with bacteria grown under high-iron conditions, mycobacteria were grown in 7H9L with 50 M ferric chloride (7H9H) or in LB broth not treated with DP. The levels of iron normally found in LB broth, approximately 30 M (43), are high enough to repress DtxR-and IdeR-regulated genes (32) . Plasticware was systematically used in experiments that required low-iron media to avoid leaching of iron from glass surfaces. Escherichia coli was routinely grown in LB medium at 37°C.
DNA techniques. DNA manipulations were performed by standard procedures as described elsewhere (27) . Restriction and modifying enzymes were obtained from Promega. DNA fragments used in the cloning procedures and PCR products were isolated from agarose gels with a Qiaex or Qiaquick gel extraction kit (Qiagen Inc.) according to the manufacturer's instructions.
Labeling of DNA fragments. T4 polynucleotide kinase and [␥-32 P]ATP (NEN) were used to end label the oligonucleotides FXB5Ј2 (5Ј-GTGGTGGTCTTCC CCCTGGC-3Ј), FXB5Ј7 (5Ј-AACCGGCATGCTATCAAAGG-3Ј), and FXB3Ј7 (5Ј-TGGCAGGTTCGGGGGCGG-3Ј). A DNA fragment corresponding to the first 23 codons of the fxbA gene and its regulatory region was subcloned into pBluescript KS (Stratagene), creating pKSfxbA. 32 P-labeled FXB5Ј2 and unlabeled FXB3Ј7 were used to amplify by PCR a 126-bp product from pKSfxbA. The 126-bp PCR product was isolated by electrophoresis on a 2% agarose gel, purified by using a Qiaquick gel extraction kit, and used in the gel shift assay. 32 P-labeled FXB5Ј7 and unlabeled FXB3Ј7 were used to amplify by PCR a 67-bp fragment from pKSfxbA. The 67-bp PCR product was isolated and purified as described above and used in the DNase I protection experiments of the first strand. For analysis of the binding of IdeR to the complementary strand, unlabeled FXB5Ј7 and 32 P-labeled FXB3Ј7 were used to amplify by PCR the same 67-bp fragment from pKSfxbA, and the PCR product was purified as described above.
Gel mobility shift assay. The IdeR protein was purified by nickel affinity chromatography as previously described (32) . Binding reactions were carried out in a final volume of 20 l in a buffer composed of 20 mM Tris-HCl (pH 8), 50 mM KCl, 5 mM MgCl 2 , 50 g of poly(dI-dC) per ml, 50 g of bovine serum albumin per ml, and 10% glycerol. The reaction mixtures contained approximately 10 fmol of 32 P-labeled DNA fragment, 200 M divalent metal salts, and purified IdeR as indicated in Results, and incubation was carried for 30 min at room temperature. When Fe 2ϩ salts were used in the assays, 2 mM dithiothreitol (DTT) was added to decrease its oxidation to Fe 3ϩ . A 15-l aliquot of each reaction mixture was loaded without dye onto a 5.5% polyacrylamide gel containing 40 mM Tris-acetate (pH 8). Gels were run at 110 V at room temperature and dried, and radioactivity was visualized by autoradiography.
DNase I footprinting. Binding reaction mixtures contained approximately 10 fmol of 32 P-labeled DNA fragment and 18 pmol of purified IdeR in 50 l of reaction buffer (20 mM Na 2 HPO 4 [pH 7.0]), 50 mM NaCl, 5 mM MgCl 2 , 2 mM DTT, 100 g of bovine serum albumin per ml, 10 g of sonicated salmon sperm DNA per ml, 10% glycerol). Freshly prepared nickel sulfate was added to a final concentration of 500 M. Reaction mixtures were incubated for 10 min at 37°C.
After incubation, 50 l of a solution containing 5 mM CaCl 2 and 10 mM MgCl 2 was added to the reaction mixtures at room temperature. Then 0.15 U of DNase I (Promega) was added, and the mixtures were incubated for 3 min at room temperature. The digestion reactions were terminated by addition of 90 l of stop solution (200 mM NaCl, 30 mM EDTA, 1% sodium dodecyl sulfate, 100 mg of yeast RNA per ml) and extracted with phenol-chloroform-isoamyl alcohol (25:24:1 [vol/vol/vol]). The nucleic acids were ethanol precipitated, and the dried pellets were resuspended in formamide loading dye. After electrophoresis on an 8% denaturing polyacrylamide sequencing gel, the gel was dried and the footprinting patterns were analyzed by autoradiography. To locate the protected sequence on each strand, Maxam and Gilbert GϩA reactions were performed on both 32 P-labeled 67-bp DNA fragments (27) . RNA isolation and TSP mapping. RNA from mycobacteria grown in 7H9L or 7H9H was prepared by mechanical disruption with glass beads in the presence of phenol and lithium chloride as described previously (4). The fxbA TSP was determined by primer extension analysis, using previously described methods with minor modifications (4). Briefly, oligonucleotide fxbA23 (5Ј-CATGACCA CGCGCACAGGAAACACCC-3Ј), complementary to the sequence between nucleotides (nt) 44 to 69 relative to the first nucleotide in the fxbA start codon, was 5Ј-end labeled with [␥-
32 P]ATP (NEN). The labeled fxbA23 primer was annealed to 30 g of RNA (1 min at 100°C, 2 min at 60°C, 10 min on ice) and then extended with avian myeloblastosis virus reverse transcriptase (15 min at 48°C). To obtain the size of the extended product, plasmid pKSfxbA and primer fxbA23 were used to generate a sequencing ladder by the dideoxy-chain termination method with Sequenase T7 DNA polymerase (Sequenase 2.0; Amersham). Primer extension products were loaded onto a 6% polyacrylamide sequencing gel along with the sequencing ladder and run 2 h at 1,800 V. To estimate the relative amount of the fxbA transcript in M. smegmatis wild-type mc 2 155 (46) and the ideR mutant SM3 (6) grown in 7H9L or 7H9H, autoradiographs were scanned with a Hewlett-Packard Scanjet IICX/T scanner and quantitated with ScanAnalysis version 2.56 (BioSoft).
Construction of an integrative promoter-probe vector for mycobacteria. To construct an integrative promoter-probe vector for mycobacteria, the replicative plasmid pJEM15 (41) was modified. pJEM15 contains a cII-lacZ fusion preceded by a synthetic ribosome binding site (RBS), multiple cloning sites, and the transcription terminator of the T4 bacteriophage (T4t). T4t had been shown to be an efficient transcription terminator in mycobacteria, reducing readthrough transcription from vector sequences (42) . A DNA fragment of approximately 1.3 kb containing the T4t, multiple cloning site, and synthetic RBS and part of the cII-lacZ fusion was obtained by digesting pJEM15 with PstI and EcoRI. This fragment was then treated with the Klenow fragment of DNA polymerase I and cloned between the DraI and EcoRV sites of the integrative vector pMV361-lacZ (38). The resulting vector was then linearized with ScaI and ligated to the omega cassette harboring a streptomycin/spectinomycin resistance gene (22) , resulting in plasmid pSM128 (a map of this vector is available on request).
Construction of fxbA-lacZ and tox-lacZ fusions. Transcriptional fusions to lacZ were obtained by cloning PCR-amplified fragments of the fxbA and C. diphtheriae tox regulatory regions into the ScaI site of pSM128. A PCR fragment of fxbA that contained two predicted IdeR binding sites and comprised the first 23 codons of the gene and its upstream regulatory region up to Ϫ187 bp, relative to the fxbA TSP, was obtained by using as primers fxbAUP (5Ј-AGATTTTCGGCCACCG TAATAC-3Ј) and fxbA3-1 (5Ј-AGCTTCATGACCACGCGCACAGG-3Ј). The pSM128 derivative harboring this fragment was named pSM371. A shorter fxbAlacZ fusion, pSM353, contained the same 3Ј extremity as in pSM371 and the upstream regulatory region up to Ϫ108 bp, relative to the TSP. This fragment did not contain the putative distal iron box. It was obtained by using as primers in the PCR amplification fxbAS (5Ј-CCCTCGTCGTTGACCAGG-3Ј) and fxbA3-1. Finally, the third fxbA-lacZ fusion, pSM353, contained a DNA fragment with the coordinates Ϫ187 to ϩ6 bp, relative to the TSP. This fragment, containing the predicted distal iron box and a truncated proximal iron box, was produced by using as primers in the PCR amplification fxbAS and fxbAWOIB (5Ј-ACCTTT GATAGCATGCCGGTTG-3Ј). In the case of tox, the PCR fragment was obtained by using as primers tox 5-2 (5Ј-TTGCTAGTGAAGCTTAGCTAGT-3Ј) and tox 3-2 (5Ј-GTTTTCTGCTCACAACGTATCCC-3Ј) and comprised the first five codons of the gene and approximately 100 bp of its upstream regulatory region that contains a DtxR binding site. The plasmid containing this tox-lacZ fusion was named pSM223. The structures of all lacZ transcriptional fusions were verified by restriction analysis and DNA sequencing.
␤-Galactosidase assays. Cultures of M. smegmatis strains harboring the different lacZ fusions were grown in either 7H9 or LB that contained low or high iron, collected at an optical density at 600 nm of 0.6 to 1, washed, and resuspended in Z buffer (19) . Suspensions were lysed in a Mini Bead-beater (Biospec Products) for 30 s three times. Protein concentration of the extracts was estimated by using the Bio-Rad protein assay, with bovine serum albumin as the standard. ␤-Galactosidase activity of the extracts was determined as described by Miller (19) , and units of activity are expressed as nanomoles of nitrophenol produced per minute per milligram of protein. Comparable ␤-galactosidase levels were observed in cells growing in either LB or 7H9 medium.
RESULTS
Interaction of IdeR with the regulatory region of the fxbA gene. Previous studies have identified and characterized fxbA, an iron-regulated gene in M. smegmatis that encodes an enzyme essential for exochelin biosynthesis (9) . A potential binding site (iron box) for a DtxR-like regulator was also observed in the region of fxbA immediately upstream from the putative translational start codon. To determine whether IdeR interacts directly with the regulatory region of fxbA, we carried out gel mobility shift assays using a 126-bp fragment containing the putative iron box (Fig. 1) . A retarded DNA band was observed in presence of IdeR and divalent iron or nickel. No retarded complexes were observed when divalent metals were absent from the reaction. IdeR binding to the 126-bp fragment was also activated in the presence of Mn 2ϩ , Co 2ϩ , Zn 2ϩ , and Cd 2ϩ , and the protein-DNA complexes showed similar shifts (data not shown). Cu 2ϩ did not induce binding of IdeR to the fragment. These results are similar to those previously reported for the metal-dependent binding of both DtxR and IdeR to the C. diphtheriae tox iron box (32) . As a control for the specificity of the observed binding of IdeR to fxbA, several DNA fragments of various sizes, lacking iron boxes, including the promoter regions of the M. tuberculosis sodA, katG, and sigA genes, were used in similar assays, and none of these were retarded in the presence of divalent nickel or iron (data not shown).
In general, we preferred to use Ni 2ϩ salts for activation of the DNA binding property of IdeR since this transition state metal is more resistant to oxidation than Fe 2ϩ (31) . This could explain the observation that more IdeR was needed to shift fxbA when binding reactions were carried out in the presence of Fe 2ϩ compared to those performed with Ni 2ϩ ( Fig. 1 ; compare lanes 3 to 7 and 4 to 8). It was essential to add DTT to the IdeR-fxbA binding reactions with iron salts to observe any gel shift (data not shown).
To determine the exact location of the IdeR binding site in the fxbA regulatory region, DNase I footprinting experiments were conducted with a 67-bp DNA fragment containing the putative iron box. A single protected region of 28 bp was obtained when IdeR was allowed to bind to this DNA in presence of Ni 2ϩ (Fig. 2) . This sequence contained the predicted iron box and encompassed the putative translation initiation codon and RBS. The iron box contained a 13-bp sequence that formed a perfect palindrome around a central G. IdeR protected slightly different regions of the fxbA promoter/ operator on the coding and noncoding strands. The protection was common to both strands over the first 21 bp, containing the palindromic sequences, and extended only on one strand over the last 7 bp symmetrically to the dyad axis. The IdeR binding sequence identified by DNase footprinting was compared with known DtxR binding sites and DtxR-like operator sequences and was shown to have 74% identity with the 19-bp consensus DtxR operator (Fig. 3) .
Mapping of the fxbA TSP. The fxbA TSP was determined by primer extension using RNA extracted from strains mc 2 155 and SM3 grown in 7H9L (low-iron) or 7H9H (high-iron) media. The results indicated demonstrated a TSP located 13 bp upstream of the fxbA start codon. Transcription of fxbA in mc 2 155 was detected only when the cells had been growing in iron-depleted medium. From the data obtained from this and other primer extension experiments, it was observed that the quantity of fxbA transcript in strain SM3 was essentially the same in both 7H9L and 7H9H and was four times lower than the quantity of fxbA transcript in strain mc 2 155 grown in 7H9L. This latter result is discussed below.
Sequences similar to the E. coli 70 consensus for Ϫ35 and Ϫ10 boxes, TgGACg and cATgcT, respectively (where uppercase denotes identity with the consensus), were identified upstream of the fxbA TSP. The Ϫ10 hexamer was also similar to the consensus for constitutively expressed M. smegmatis promoters, TATAaT (2) . The spacer between the putative Ϫ10 and Ϫ35 sequences was 17 nt, and the distance between the TSP and the Ϫ10 box was 7 nt (Fig. 4B) .
Regulation of fxbA by using transcriptional lacZ fusions. To study the regulation of the M. smegmatis fxbA gene by using lacZ gene fusions, it was first necessary to construct a new promoter-probe vector. Most mycobacterial reporter vectors contain a kanamycin resistance gene and cannot be selected for in the M. smegmatis ideR mutant strain SM3 that harbors the same antibiotic marker in the chromosome (6) . Moreover, in preliminary experiments, we had noticed that the cells containing the fxbA-lacZ fusion previously used to study fxbA regulation (9) showed a relatively high enzyme level in highiron medium (data not shown), possibly due to readthrough from vector sequences that acted as promoters. To solve these problems, we constructed a new E. coli-mycobacteria shuttle vector designated pSM128. This plasmid contains the integrative cassette from mycobacteriophage L5 (18), a spectinomycin/streptomycin resistance gene, a promoterless lacZ, which is preceded by a T4t element and a unique ScaI cloning site. M. smegmatis transformed with this vector exhibited extremely low ␤-galactosidase levels (legend to Fig. 5 ).
We first wanted to study the role of the newly identified IdeR binding site (Fig. 2) in the regulation of fxbA and also to examine the possible involvement of another potential IdeR box that was observed 140 bp upstream of the fxbA start codon (9) . Using pSM128, we constructed transcriptional fusions to lacZ of various parts of the fxbA upstream regulatory region as described in Materials and Methods and depicted in Fig. 5 . As a positive control, we constructed a transcriptional fusion with the C. diphtheriae tox gene that can be regulated by IdeR (32) . These plasmid constructs and the promoterless vector pSM128 were transformed into M. smegmatis wild-type mc 2 155 and ideR mutant SM3. Cells carrying these fusions were then grown in high-or low-iron medium, and ␤-galactosidase assays were performed. As shown in Fig. 5 , fxbA-lacZ fusions containing the downstream, proximal IdeR box were repressed by iron in mc 2 155, as the ␤-galactosidase levels obtained in low iron were 7-to 10-fold higher than those obtained in high iron. Similarly, the expression of the tox promoter was approximately fourfold higher when mc 2 155 containing pSM223 was grown in low iron. Expression of the tox-and fxbA-lacZ transcriptional fusions was independent of iron in the ideR mutant strain SM3. However, the levels of fxbA-lacZ expression in the mutant were approximately 50% lower than those observed during growth of the wild-type strain in low iron. These observations are consistent with the results obtained by primer extension presented above that also indicated that IdeR is required for full expression of fxbA under nonrepressive (low-iron) conditions. This was not true for tox expression, since the tox-lacZ fusion ␤-galactosidase levels in SM3 grown in both low-and high-iron media were comparable to those observed in mc 2 155 grown in low-iron medium.
The presence or absence of the putative distal iron box had little or no effect on the regulation of fxbA, as the ␤-galactosidase values obtained in cells containing the pSM371 construct that has both iron boxes are very similar to those observed in the strain carrying pSM323 that contains only the proximal one (Fig. 5) . Gel retardation experiments have also shown that DNA fragments containing the putative upstream IdeR binding site do not bind IdeR (data not shown), indicating that this sequence does not play a role in fxbA expression. We also tried to modify the fxbA promoter by disrupting the proximal IdeR binding site while allowing full expression of this gene, as this would conclusively prove that this site was . Similar low levels of activity were observed when a lacZ fusion construct was made with an DNA fragment from the fxbA promoter region missing both potential iron boxes (data not shown). This finding suggests that the 5Ј terminus of the fxbA mRNA, removed by the cloning, may be necessary for RNA stability. However, further experiments that make other modifications of the promoter region will be necessary to understand the actual mechanism of IdeR repression of fxbA.
DISCUSSION
We had previously shown that the M. smegmatis IdeR represses mycobacterial siderophore biosynthesis in the presence of iron (6) but at that time had not identified any mycobacterial genes that were directly repressed by this protein. IdeR can replace DtxR, the C. diphtheriae iron-dependent regulator of toxin and siderophore biosynthesis, as it can bind to DtxR target genes in cell-free assays, and ideR, its structural gene, can complement C. diphtheriae dtxR mutants (32) . It was also shown that IdeR and DtxR are 80% identical in the first 140 amino acids (5) , where the helix-turn-helix DNA binding motif, metal binding sites, and multimerization domains are found in DtxR (23, 24, 28) . This postulated structural similarity of IdeR and DtxR has been confirmed, as the crystal structure of the M. tuberculosis IdeR, recently determined, shows that IdeR and DtxR have almost identical structures in the first two domains (21) . The above genetic, physiological, and structural observations strongly suggested that IdeR represses its target genes in a manner identical to that of DtxR. This mechanism would include the formation of a Fe 2ϩ -stabilized IdeR dimer that enables it to bind to operator sequences in the promoters of mycobacterial iron acquisition genes, inhibiting their transcription.
To provide evidence for this hypothesis, we have now analyzed the interaction of IdeR with the M. smegmatis fxbA, the first siderophore biosynthetic gene described for this genus (9 (1, 30) and also for IdeR binding to the C. diphtheriae tox operator (32) . After metal binding, IdeR protected a 28-bp sequence of the fxbA regulatory region from DNase I digestion. The IdeR binding box was 74% identical to the 19-bp consensus DtxR binding site selected in vitro and shown to be the minimal essential target sequence (39) . The protected region observed in our experiments, i.e., the IdeR iron box, was found to encompass the translational start codon, the putative RBS, the TSP, the 13-bp palindromic sequence, and most of the Ϫ10 region. This is similar to DtxR and DtxR-like regulated promoters in which the operator sequence overlaps the Ϫ10 and downstream regions (13, 17, 30, 40) . Binding of a protein to this region would be expected to interfere with the binding of the RNA polymerase and transcription initiation, as would the binding of Fur to its target promoters. In these latter genes, mainly studied in enteric bacteria, Fur binding sites are generally located between the Ϫ40 and ϩ1 bp relative to the TSP (12). Our results show that fxbA expression is negatively regulated by iron only when IdeR is present. This indicates that the repression must be mediated by the ferration of IdeR and the subsequent binding of the activated protein to the fxbA promoter, as discussed above. However, the levels of fxbA expression in the ideR mutant were approximately 50% lower than those observed in the wild-type strain in nonrepressive conditions. A similar effect was observed when levels of fxbA mRNA were measured by primer extension analyses. These results are similar to those previously observed when total siderophore production was assayed in M. smegmatis ideR mutants (6) . In these experiments, exochelin and mycobactin synthesis were partially independent of iron levels in ideR mutant strains, but their levels were approximately 50% of those observed when the wild-type strain was grown in low iron. It is possible that IdeR positively controls fxbA transcription and siderophore synthesis as a directly acting positive regulator or as an activator of a second activator for these genes. It could also act as a repressor of a repressor. A similar cascade mechanism has been hypothesized for the heme-dependent induction of hmuO, a DtxR-and iron-regulated gene encoding a heme oxygenase in C. diphtheriae (29) .
The possibility that IdeR acts directly as a positive regulator of fxbA led us to examine the function of a potential IdeR binding site observed approximately 140 bp upstream of the TSP of fxbA (9) . However, this sequence did not bind IdeR, and its removal had no effect on fxbA expression, indicating it had no function in fxbA regulation. The inactivation of ideR caused reduced transcription of fxbA but not of tox or several other iron/IdeR-regulated genes that have recently been characterized from M. tuberculosis (11a, 26) . On the other hand, inactivation of ideR caused pleiotropic effects such as reduced expression of the antioxidant enzymes KatG and SodA in M. smegmatis and increased sensitivity to isoniazid (6) (7) (8) . Thus, it is also possible that altered metabolic pathways in the ideR mutant indirectly affect the transcription of some promoters. Experiments are now in progress to determine the molecular mechanism of IdeR's positive function in mycobacterial siderophore biosynthesis, oxidative stress response, and isoniazid resistance.
